AD-A260 976
B @

NAVAL POSTGRADUATE SCHOOL
Moiterey , California
DTIC

R ELECTE
W, MR8 19933 K

AN INTRODUCTION TO DOPPLER. EFFECT
AND FADING IN
MOBILE COMMUNICATIONS

vy
Abdoun B. de Paula
December 1992

v Thesis Advisor: Tri T. Ha
Second Reader: Ralph D. Hippensticl

Approved fer public release; distribution is unlimited.

1 STEET RN P 33-04806
B oRe LTSNy




UNCLASSIFIED
SECLRITY CLASS A CATON OF THlS PAGE i ] .
. Form Appreved
REPORT DOCUMENTATION PAGE I o E e o

|

Ta #FPORT SECURTY CLASSIFICATION T RES - TiveE MARY NGS
UNCLASSIFIED
23 SECURITY CLASSHFICAT ON AYTHOR T 3 DSTRBUTION AVALARLTY GF REPCHT
Approved for public release;
20 DECLASSIFICATION DOWNGRAD NG SCHEDULE distribution is un!imited.
4 PERFORMING ORGANIZAT.ON REPORT NURIBIRIS) 5 MONITORNG DRGANIZAT Gy REPGRT §y ARIRS,
63 NAME OF PERFORMING ORGAN:ZATION 6b OFF:CE SYMBOL 7a NANE OF NONITORING ORGAN 207 ON
{If applicable)
Naval Postgraduate School £C Naval Postgraduate School
6¢ ADDRES". (City. State, and Z2IP Cude) 7b ADD“ESS(C:ry State. and ZIP Code)
Monterey, CA 93943-5000 Monterey, CA 93943-5000
Ba NAME OF FULDING . SPONSORING 8h OFECE 5 ¥MBOL 3 ROCURENENT INS "RUMENT DENTF AT G Ao A8t R
ORGANIZATION (If applicable)
[5c ADDRESS (City, State, and Z1P Code) ) TN OSOURCE OF T NG N foss 7y
RPRAJCRAN PRO,ECT fASK NORe GMNT
ELEMENT NO NO NO ~CCESSION NO

11 TITLE (Include Security Classification)

AN INTRODUCTION TO DOPFLER EFFECT AND FADING IN MOBILE COMMUNI{CAT;ON

12 PERSONAL HUTHCR(S)
e Paula, Abdon B.

PACT (O NT

g

V3a TYPE QF REPORT "Ib TIME COVEED 4 DATE OF REPORT (Year, Month ay)
Master's Thesis rrov Jan 9270 Dec. 92 December 1992 28

ThOSUPPLEMENTARY NOTATION

The views expressed in this thesis are those of the author and do not reflect the
official policy or position of the Department of Nefense or the U.S. Government

17 COSATI CODES 18 SuUBLITT TERMS (Continue on reverse if necessary and wdentify by block number)
FIELD GROUP SUR GROTD Mobile communications with Doppler effect, fading
channels

e AKSTRACT (Continue on reverse of necessary and identify hy hlack nuamber)

In this rosearch we present an introductery analysis of a complex aspect of mobile
communications: Doppler effect is evaluated in both Ricean and Rayleigh channels, A
noiicoherent 2-FSK scheme (s selected to evaluate the behavior of the system under very
strong fading channel conditions., The analysis is cenducted for the binary case due to
the possibility of developing closed form solutions. Therefore, the approach is
simplified avoiding long lasting simulations that may obscure the concepts. The
hprobability of bit error for the 2-FSK case can also be used as an initial bound for a
M-FSK scheme. Diversity is evaluated as a means of combating fading and Doppler
effects, Error correcting codes, in the form of a corvolutional codes, are also used
ond applied to both effects,

SO DSTRIBUTION AVAULABILITY OF ABSTRACT 217 ABSIRACT SECURITY CLASSH -(ATION
L osciassiien uninairn L save as gt [ O11C USERS UNCLASSIFIED
22s MAMIL O RLSPONS 8UF MDD IDUA 22b TELLPHONL (Include Areg Code) | 200 b HiCE SraiBoy
"Tri Ha (408) 656-2788 EC-HA
DD Form 1473, JUN 86 Previous editions are obsolete SEQURITTY LAY, TCATION O ey s A

S/5 0102-LIF-014-6603
i UNCLASSIFIED




Approved for public releass; distribution is unlimited

An Introduction to Doppler Effect and Fading in Mobile
Communication

by

Abdon B. de Paula
Lieutenant Commander, Engineer Corps, Brazilian Navy
B. S., Brazilian Naval Academy
B. S., Sao Paulo University *

Submitted in partial fulfillment of the -
requirements for the degree of

MASTER QOF SCIENCE IN ELECTRICAL ENGINEERING
from the

NAVAL POSTGRADUATE SCHOQL
December 1992

Author: R ‘h(zuh
Abdon B. de Pé‘ula

{

. -—T"- ] .-L( 7
Approved by: | M . TR
Tri T. Ha, Thesis Advisor .

Halph D. Hippenstiel! Second R=ader

NGV lert
Michael A. Morgan, Chairhhn, Department of Electrical
and Computer Engincering




ABSTRACT

In this research we present an introduciory analysis of a complex aspect of

mobile communications: Doppler effect is evaluated in both Ricean and Rayleigh

fading channels. A noncoherent 2-FSK scheme is selected to evaluate the behavior of

the system under very strong fading channel —onditions. The analysis is conducted

for the binary case due to the possibility of d:veloping closed form solutions. There-

forc, the approach is simplified avoiding lony; lasting simulations that may obscure

the concepts. The probability of bit error fc: the 2-FSK case can also be used as an

initial bound for a M-FSK scheme. Divers:i.y is evaluated as a means of combating

fading and Doppler effects. Error correcting codes, in the form of convolutional

algorithms, are also used and applied to voth effects.
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I. INTRODUCTION

The term “mobile communication™ is used to describe the radio communica-
tion link between two terminais of which one or both are in motion.

In urban areas, we observe the growth of cellular terrestrial mobile com-
munication systems. Such systews are also employed where base stations can be
located relatively close to mobile users. However, in rural or remote arcas, with low
population density, cellular systems are not economically feasible.

Satellite technology has rcached the ability to bridge the gap of communica-
tions between mobile elements, complementing the existing cellular systems. Mobile
satellite systems are not restricted to land coverage. They iuclude acronautical and
maritime services as well.

Mobile land communication is greaily affected not only by the losses encoun-
tered in atmospheric propagation, but also by the general topography of vhe terrain.
The texture and roughness of the terrain tend to dissipate propagated energy, reduc-
ing the received signal strength at both mobile and fixed units. Shadowing caused
by trees and other natural or man made obstacles also affects the strength of tne
received signal.

In addition, there is multipath fading, which is caused by the reflecting of
various types of signal scatterers. The effects of multipath phenomena are more
significant in terrestrial communications than in air-to-basc station or satellite-to-
carth station communications.

In this thesis, we assume that there are muitiple propagation paths in the
model of the mobile link. A propagation delay and an attenuation factor are asso-

ciated with each path.




The fading phenomenon is basically a result of time variations in the phase of
signals in cach path. Somectimes, the components from the paths add constructively
so that the received signal is large. Other times, they add destructively, resulting in
a very small or practically zero signal. Thus, {ading, the amplitude variation in the
received signal, is due to the time-variant muitipath characteristic of the channel
[1].

To generalize the model for the practical cases of mobile communications, we
also consider the presence of a direct component of tue signal. We define a direct-
to-diffuse ratio » = a?/20° using the channel parameters. Physical interpretations

can be given to those parameters: o?

is associated with the strength of the direct
component and 202 is associated with the diffuse component.
Therefore, we consider a Ricean fading channel which is general enough to

allow us to solve the following types of problems:
a) Non-fading channel,

b) Rayleigh fading channel,

¢) Ricean fading channel.

Another major concern in mobile communications is the Doppler effect. 1t is
well known that this effect occurs due to the relative speed between the elements
in the communication system. The effect of the Doppler is directly proportional to
the magnitude of the relative speed. Therefore, this effect can only be considered
significant when high speeds apply, 1.e., in airplanes.

The Doppler effect is modeled here as a contribution to the carrier frequency.

This contribution will be either positive or negative, according to the direction of

the relative movement between the communications elements.




Both fading and Doppler effects can impair the reception of the transmitted
signal. The error rate, as shown in [1], is only inversely proportional to the SNR in
a Rayleigh fading channel, in contrast with the exponential! decreasc in AWGN,

Diversity, as stated by Proakis [1], is an effective way of improving error rate
perfortmance in {ading channels. By supplyirg to the receiver s+ veral replicas of the
same information bit over independently fading channels, the probability that the
signals will fade at the same time is considerably reduced.

We only use time diversity in the form of signal repetition or in an equivalent
form of sampling the same bit several times at a rate greater than the bit rate.

To further improve the reception of a Doppler affected signal, we no longer use
maiched filters, but use bandpass filters instead. We will verify that time diversity,
can be used to combat the fading characteristics of the channel and the Doppler
effect.

Finally, we consider the use of a convolutional code as a way of providing error
corrections. A convolutional code is generated by passing the information sequence
through a linear finite-state shift register. The input data is shifted into the shift
registers ¢ bits at a time. As an output, we obtain n bits for each sat of £ input bits.
Thus, the code rate is defined as R, = £/n.

Observing the tree that is gencrated by the convolutional encoder, we notice
that the structure repeats itself after the v** stage, where v is the code constraint
length.

The distance properties and the crror rate performance of a convolutional
code can be obtained from its statc diagram. The same diagram is used to compute

the code transfer function. From there, we obtain the minimum distauce, dy, and

bounds for the probability of error rate.




Proakis has already shown that a convolutional code can be viewed as a type
of repetition scheme [1]. Thus, it is equivalent to time diversity. We will apply this
characteristic of the convolutional code over Doppler effect.

Due to the strong fading nature of the channels we want to analyze, we have
selected a non-col erent signaling scheme in which it is not required to estimate
the phase of the received signal. Nor will we be estimating the channel parame-
ters. Under these assumptions, our system can be simplified and has very robust
characteristics.

In our analysis, we consider a constant Doppler, i.e., we develop a bit error
probability for Riccan fading chiannels conditioned on the Doppler effect coefficient.
In our approach, we obtain closed form solutions that may bring some insight and
avoid long lasting simulations.

The binary frequency shift keying (2-FSK) schemes proposed is well-suited
for further development of the initial base for future M-ary frequency shift keying
(M-FSK) base extension or to cbtain M-FSK error performarce bounds.

In Figure 1 we present the basic system on which we conduct our analysis.
It shows {wo energy detectors followed by a possible (non-coherent) average. The

two upper branches are responsible for the detection of the first signal of the binary

branches tak

scheme and the two lower 1ch ke care of the se
we will assume that the signal corresponding o the frequency fo is sent. Therefore
the two upper branches will have the signal present and the two lower branches will
only have noise.

In Chapter 11, we develop the probability of bit error for a square law detector,
2-FSK scheme, with diversity L, under Rayleigh and Ricean fading, and without
Doppler shifts. In Chapter 111, the Doppler effect is added to the previous result in

the form of a Doppler effect coeflicient.




In Chapter IV, we extend the already developed conditional probakility by
accounting for the convolutional error correcting code.

Finally, in Chapter V, we present verifications of the equations with some
numerical results, including some special cases, and compare them with results in
the literature., We evaluate the influence of the diversity size over the performance of
error rate. Also, we verify the performance of 8. =1/2 and K. = 2/3 convolutional

codes under the same conditions. In adaition, we confirm the influence of the code

constraint length on the performance.
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II. DIVERSITY AND FADING CHANNELS

In this chapter we derive the error rate performance of binary FSK over a
frequency-nonselective, slowly fading Ricean channel. We assume that each diversity
signal fades independently. The signal can be considered as the sum of two com-
ponents, a nonfaded (direct) component and a Rayleigh-faded (diffuse) component,
hence the amplitude of the signal is a Ricean random variable.

We will analyze the bit error probability of the proposed system in Figure 1.
The Doppler effect will not be taken into consideration in this chapter but it will be
considered in Chapter 3.

For mathematical convenience we adopt the complex envelope notation for a

real signal. Therefore, the sumimer outputs are {(uuder signal fo present condition):

}/0 = Z ‘Xk + Negk +jnaok|2 ) (?la)
k=1
L\
Yi=) " [nek + nel® (2.10)
k=1

where X}, assuming a Doppler shift of wy, is given by

1

Ap [F

X = =
k V2 Jik-1)T

Cjwdtdf- . (‘

o
o
~

t

and all the quadrature noise samplcs ngk, nyx are independent and identically dis-
tributed (i.i.d.) zero-mean Gaussian random variables (RV) with variance N,7'/2.
Each amplitude Ay of the signal is assumed to fade independently for each bit du-
ration 7.

Since Y] is the sum of squares of 2L i.i.d. Gaussian RVs with zero-mecan and

variance of = N,T/2, Y is chi-square distributed with the following probability

7




density function (pdf) [1]

. 1 o
fnn) = mzzyf te™/%k |y 2 0. (2.3)

On the other hand, Y is tlie sum of squares of L independert Gaussian RVs
with variance ¢} and mean Re [ X}, and L independent Gaussian RVs with variance
oZ but with mean Zm [X}). Thus Y; is non-central chi-square distributed with the

following conditional pdf [1]

1 (L-1)/2 . /e
fvo(wa/v) = 257 (-?LO-> e~ (wot)/2 k1 ( 3 0) y Y =0, (2.4)
k

v o;

where Ip..;(+) is the (L — 1)* order modified Bessel function of the first kind and v

is the value assumed by the random variable V defined as

L
V=S |X2. (2.5)
k=1

The conditional probability of error is given by

Pi(w) = P 2w} = [T [ /o) fr(l)dndso . (26)

The inner integral can be evaluated as follows (see Appendix A)

L-1 k
oo —yo/202 Yo 1 .
/ frly)dy = e/ ;;) (z?) R (2.7)

Substituting (2.4) and (2.7) into (2.6) we obtain (see Appendix C)

z m
ekl & k+L -1 (5)
’Pb(Z) = oL ;}:6 szzo m+L-1 m!- ) (2‘8)
where the random variable Z is defined as;
TZ L L
Z=-—=3 Al=p) AL, (2.9)
40® [ 3 k=1

where § = T*/40}.




Equation (2.8) has been derived in [2] for the case of fixed amplitude A = A.

For such cases equation (2.9) reduces to

T . A*T? AT E
=_T’L 2-: | === 1| = — ) == (——) R 9.
Z 1o A =] T L(2N0) L+ (2.10)
2

where E/Nj is the signal energy-to-noise density ratio and F = A*T/2.
For the Ricean channel the signal amplitude A; is Ricean-distributed with

pdf

a aro
falae) = —}%6-(ai+a?‘)/2‘7'2‘10 ( kzk) , a2 0, (2.11)
o Ok .

where a? is the average power of the nonfaded (direct) component of ihe signal and
20} is the average power of the Rayleigh-faded (diffuse) component of the signal.

The total average received power in the interval (k — 1)T' < ¢ < kT is

(43 _ (o4 20) -
E{ v } = S (2.12)

and it is assumed to be constant for any integer k, 1 < & < L.
Note that if af = 0, the channel is a Rayleigh fading model and if 20§ = 0
there is no fading.

The random variable W defined below
L
W=>3" 42 (2.13)
k=1

has a noncentral chi-square pdf given by [1]

(L-1)/2
1 2 v/
fw(w/p) = — (E) e~ 2ok ( pw) Cw>0, (2.14)

2 2
200 \p oi

where

L
p=>3 qf. (2.15)
k=1




Consequently, the pdf of the random variable Z = W ia (2.9) is

1 / 3 (L-1)/2 2 v BPZ
P I ~(2z-+Bp) /200 = '
fZ(z) 2/30_2 BP) c kIL—l ( ,80',% ) y & Z 0 (2 16)

Taking the expected value of Py(z) in (2.8) (see Appendix D) by using (2.16)

we obtain

| e~(/2oDU-1/4Be LY | b ( p g Bog \"
P(B) = 3 (1+ Bot)L E_Z( )(

A\ mt L-1 1 4- Ao}
Ny L—-1 D ‘1
- V‘(”.” ) -—,,——-—-——.—) = 2.17
&\ i+ L-1 J\263(1 1 Bot)) 7 (2.17)
Let
E= -:-;-(ai + 20}) (2.18)

be the average signal energy with the assumption that o? and 207 are constant for
any 1 £ % < L (hereafter we drop the 5 argument of F4(£) to simplify the notation).
Also let the ratio r of the direct component power to the diffuse component power
during a bit time be deined as follows:

2
'S

= =% 2.1
r 20% (2.19)
Combining (2.10), (2.18), and (2.19) we obtain
£
nn2 - (—-._,J_Y;O___ /r) {Zr\\
TR T o(r+1) \-2t)

Substituting (2.15), (2.19), and (2.20) into (2.17) we get the average bit error

probability (zero Doppler) as follows:

1 e~ Lr[1-(1+(E/No)/2(r+1))7}] L-1 1 k E+ L —1
2 [1 E/N, ]“ k=02 =0 m+L—~1

t~
X




As a check we observe that when L = 1 and r = oo (no fading condition)

cquation (2.21) reduces to [1]

1
P, = ;e EIM/2, (2.22)

For a non-fading channel with diversity L, equaticn (2.21) can be reduced to ‘1
the next equation. Even though a similar equation is found in [2] we also developed
it in Appendix C. By replacing the value of Z given by (2.10) leads to:

/k-{-L—l ) (LEQ/NO)"‘.

m!

Pb=

(2.23)

For a Rayleigh fading channel (r = () and assuming L = 1 we get the result

of [1]:
1
Py= e . (2.24)
Z+ ofivg
For a Ricean fading channel and assuming L = 1 we obtain the result
P, r+1 - rll=2(r 1)/ +1)+ B/ Vo)) (2.25)

T r+ 1)+ E/N
Also for a Rayleigh fading channel and diversity L, equation (2.21) reduces

to the result obtained in [1, 4, 5):

LL—I k 1, I m
P, - 1 1 ktL-13( E/No \" (2.26)
2-- E/N, 2k m+L-1 24 E/N,

m=0
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III. THE PROBABILITY OF BIT ERROR
CONDITIONED ON THE DOPPLER EFFECT
IN A RICEAN FADING CHANNEL

In a real mobile communication system, the signal may be distorted by
Doppler, which can seriously increase the bit error probability. In this chapter,
we investigate the system performance when Doppler is present.

The received signal affected by the Doppler in a fading channel with diversity,

at time k, can be represented as follows:
re(t) = Agcos(2n fit + 2n fat + 6;), 1 =0,1, (3.1)

where fy is the Doppler frequency and 6; is the signal phase.
Equation (3.1) can be manipulated as follows:
Tk(t) = A; COS(27T[f,' + fd]t + 0,) , 1=10,1. (3.2)
The orthogonality condition for 2-FSK (no Doppler shift) requires:
1 .. .
Af=fi—fo= T (minimum frequency spacing) (3.3)
and
I,
H+fo= % , k is a positive integer . (3.4)
In practice we may use an approximation to orthogonality condition by im-
posing that
1
f1+fo>>§;~ (3.5)
To study the Doppler effect, we assume a wideband 2-FSK, that is, Af >
1/T. This ensures that the orthogonality condition is almost satisficd, and we can

analyze the performance as if we have an ideal orthogonal 2-FSK.
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Returning now to the complex envelope notation, we see that equations (2.1)

and (2.2) remain the same with X given below:

Ap [AT
V2 Jk-1)T

Equation (2.5) will give us (see Appendix E):

X = eUdt (3.6)

k=1
T (sin(xf4T) g -
= —5{ %) } Z,Ak (3.7)
The definition of equation (2.9) remains the same but now the value of 3 is
given by:
T? sinw fyT : T? _ o
,B (402) X [-—WET—- = Z?‘—z sinc (fdt) s (3b)
where sinc () = Ln(—@
T

Thus equation (2.10) is transformed to:

Z=1 (E—) x sinc?(faT) . (3.9)
No

Equation (2.17) is still valid and if we use the value of Ao given below:
£
Bo? = — Mo Gn(f1) |

—
(¥
j—
O
-~

2(r+1)




We get the average bit error probability conditioned on a given Doppler shift
Ja:
1 e~ Lr[t=(+(E/No) sine®(faT)/2r+1)7'] L
-2L E L
.2 k
— | sinc*(f4T
(N ) (fa )]

bt 02(r+1) J

'

02/»‘

x
1l
|
M

o m+L-~-1 Lr 1
g 2;( i+L-1 ) BN sy | 70 B
1 1 +

2(r+1)

Again we may now obtain from equation (3.11) the equation corresponding

to (2.23) with the Doppler shift accounted for:

L{EY\  , ™
e (L/A(E[N) sine? (£4T) L-l_l_ }i ( P+ L—1 ) [5 (3,;) sinc (de)}

L k - 1
2 2k e \m+L-1 m!
(3.12)
For a Rayleigh fading cliannel (7 = 0) and au L of 1, we get the following
equation which corresponds to (2.24)
1 Q-
Py = (3.13)

T 24 (E/Ny) sinc®(fyT)
For a Ricean fading channel and an L of 1, we obtain the following equations

which corresponds to (2.25)

r+1 T
P, = - : =r(1=2(r+1)/(2r+1)+(E/No} sinc®(faT))) 3.14
YT 2r + 1) + (B/Ny) sinc?(f41) (3.1)
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For a Rayleigh fading channel and diversity L we get the following equation

which corresponds to (2.26)

b 1 "Lzll £ (k+L—1> __(E/N)smc(fdt) ™
P T\2H (E/Ng) sinc®(fuT) ) =28 f \ m+L—1 ) \2+ (E/Ny) sinc*(fiT))
(3.15)

Again, as a fast check we observe that for L =1, r = oo and f37" = 0 (no
Doppler effect) in equation (3.11), we obtain (2.22).

For a Rayleigh fading channel (r = 0), L =1, and f;T = 0 we obtain (2.23).

For a Ricean fading channel, L =1 and f;T = 0, we obtain (2.25).

Also from (3.11) we observe that the Doppler effect reduces the signal-to-
noise ratio (SNR) by a factor equal to sinc*(f,7). SNR is defined to be &/Nj.
For example, when the Doppler frequency f; is an integer multiple of 1/7', then

sinc?(f4T) = 0.

‘I'herefore, when the Doppler frequency is large the receiver should sample
the signal faster than the bit time 7" to reduce the Doppler perturbatior. Such an
adaptive change in the sampling rate is equivalent to changing the diversity number
of the system. The receiver would modify the system resultant diversity.

We can also combine the diversity that we obtain by sending L replicas of
the signal with the diversity we obtain by sampling at a rate faster than the bit
rate. Iu other words, letting 77 be the sampling interval (where 77 = T/N and N
is a positive integer) and replacing the receiver of Figure 1 with a receiver whose

integration time {and sampling time) is 7' and whose diversity is N L.




Letting £’ be E/N, using equation (3.11) with L, E, and T replaced by NL,
E'" and T, respectively, we get:

1 e-NLr[l—(lr((E/NNo) ainc"(de/N))/2(r+1))"‘] NL-1 4

P = _ Y =
2 £ sinc? (f l) . =
| AN, ‘N
2(r+1)
k
k+NL-1
XEO(mWLNL-l) 1+ ’('“)
(NN smc
i T
m(m+NL~1 NLr 1
XZO( £+NL—1> (E Y (1L - (319)
z)\vfuto sine (fdﬁ)
1+ ~——=4
L 2(r+1) J

_ again the same interpretation as before, we obtain the counterpart to

equation (3.12) for a non-fading channel with Doppler perturbation:

m

L{E\ . ,(.T
b o= (L/2)(E[No) sinc® (f4T/N) NL-1 1k k+NL—1 5 7\% sinc (fd;)J
= 5__;) 5F 2 '

P aNL o \m+NL-1 m!

(3.17)

In that case we have:

- EN e (DYoo [ E) 2( E)
Z—NL(NN()) sinc (de) _L(N()) sinc de : (3.18)

a

We can see in equation (2.18) the influence of increasing the sampling rate

(i.., increasing V). Sampling at rate faster than the bit rate reduces the argument

of the sinc function. Therefore, the value of the sinc function is increased.
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IV. CODED PERFORMANCE

In this chapter the performance of the L-fold diversity receiver with error
correction code is investigated. Specifically we consider convoiutional codes with
Viterbi soft decision decoding.

For a rate £/n code the bit error probability P, is upper bounded by the
following union bound [1, 6, 7]:

] &=
P < 7 z agPy , (4.1)
d=df
where df is the fine distance of the code, aq is the information weight of a code path
of weight d, and P, is the probability the all-zero path is eliminated by a path of
weight d merging with it on the code trells.

We observe that Py is exactly the probability that the suin of d samples of ¥
is greater than the sum of d samples of Yj in Figure 1, that is, P; is the probability
of error for noncoherent combining of d transmissions where each transmission has

L-fold diversity.

Thus the expansion for Py is exactly the same as Pyin (3.11) with dL replacing

L, (£/n)E/ N, replacing E/Ny and £T/n replacing T, that is




1 e—dLr[l-—(l-{»([/n)(E/Ng) sinc?((¢/n) faT)/2(r+1))"1]

2dL = ] al
(f) £ sinc? (— de)
1 + n No n

[ 2(r+1)

[ m+dl -1 dLr 49
x%(HdL—l) (e) ; g(ﬁde) T
n

S TR ]




V. ANALYSIS OF RESULTS

In this chapter, we analyze the performance {probability of bit error, P,) for
the 2-FSK, square law detector system of Figure 1. We assume that the signal is
transmitted L times. We recall that by sampling faster than the bit rate we may
produce an equivalent diversity to sending the signal L times.

In Figure 2, the results for an additive white Gaussian noise (AWGN) channel
are presented. The curve for a 2-FSK signal, L = 1 and no Doppler perturbation
is showi as a reference. This plot provides us with a numerical check of the results
presented in Proakis [1].

Varying the diversity size has proven to be an efficient way to improve the
performance in the presence of Doppler. The curves we have obtaincd by setting
L = 1to L =10, show worse performance than the mentioned 2-FSK curve.

Sending the signal twice (i.e., L = 2) provides a £ = 0.10 at an SNR of 10.
We can see an improvement when comparing this value to P, = 0.50 which is the
bit error probability for an L of 1 (i.e., no diversity).

Note that a larger L may give poorer performance at low SNR than a sinaller
L wovld provide. On the other hand, at high SMNR, increasing L gives better perfor-
mance Hernce, there are crossovers among the various diversity rates in an AWGN

anqel, as illustrated in Figure 2, for L = 3 and L = 4.

1z add’lion, we notice that the best relative improvement occurs when we
increase diversity from L =1 to L = 2. The next best improvement is obtained by
increasin s L from 2 to 3, representing a 2 dB gain at large SNR.

At large SNR, we can see that the improvement is less than 0.50 dB when

going fron L = 4 to L = 10 in a non-fading channel.
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.- Figure 3, the bit error probability for a Rayleigh fading channel (r = 0)
is prescnted. Again we plot the 2-FSK, no Doppler perturbation curve, in order to
provids a numerical check with the results of [1].

Now, we can see that increasing diversity will result in even better perfor-
mance than the mentioned 2-FSK reference curve (L =1 and no Doppler effect).

Again, the best improvement occurs when we change from L =1 to L = 2.
The next best improvement is obtained by changing from L = 2 to L = 3 (i.e,
abeat 4 dB at a large SNR).

Moving from L = 3 to L = 4 and from L = 4 to L = 10 gives us approximately
a gain of 2 dB at a large SNR.

In Figures 4 through 11, the probability of bit error as a function of diversity
size 1s presented. We show the results for two cases: zcro Doppler and f,T = 0.5.
Alse, we present four plots in cach figure: SNR = 3, 10, 38, 100!

The same kind of behavior that we see in a Rayleigh {ading channel [1] occurs
in a licean fading channel, i.e., for jow SNR there is a point of minimum #£,.

Besides, we notice that the Doppler perturbation reduces the value of L where
the minim:m appears. This i1s consistent with the fact that the Doppler coefficient
1s & factor that reduces the SNR.

Therefore, increasing the diversity at low SNR may result in a reduction in
performance in a Rayleigh or Ricean fading channel.

By sampling the received signal at a rate faster than the bit rate we may
reduce ihe influence of the Doppler perturbation. We note that increasing the

diversity order results into an increased value of L where the minimum P, is located.

1Those values are in linear units and allow easy comparison with [1, 2, 7, 9].
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The behavior of the curves in a Ricean fading channel tends to resemble the
behavior of a non-fading channel as we increase the r value. This effect is presentcd
in Figures 12 through 13.

Figures 15 and 16 allow us a quick numerical verification of equation (4.2)
with the results of {1] and [7]. We have used ;4T = 0, which means the Doppler
coeflicient (i.e., sinc part of equation (3.16)) equals to 1. By using r = 10,000 we
approach the AWGN channel. Therefore, the uncoded signal represents a 2-FSK in
an AWGN channel. Also, both figures present the comparison of the performance of
the system without convolutional code {‘uncoded signal’) and the rate 1/2, v = 2,
d; = 5 convolutional code. The systems have the same L. For the initial verification
we used L = 1, and no Doppler effect. Figure 16 provides a comparison for a
Rayleigh fading channel. By inspecting the values of P, from Figures 15 and 16
we nobice that diversity does notl improve performance in AWGN channel, thus
confirming Proakis’ observations [1]. The results obtained for both the coded and
uncoded signal agree wiith the one presented by [7].

At large SNR we obtain a gain of about 2.5 dB over the uncoded signal in an
AWGN channel.? We recall Doppler has not been considered yet.

Thereafter, we consider the maximum reduction, due to Doppler (i.e., Doppler
coefficient equals zere). In our approach, we identify an effective and eflicient way
of combating Doppler and fading. We compared sending L copies of the same
information bit (or sampling the received signal at a rate faster than the bit rate)
or the use of error correcting code (we also tried some combinations of diversity and
coding).

We propose to use the information about the minimum /% (see Figures 4-11)

to select candidate convolutional codes so as not to mae the system diversity large.

2The gain is a bound due to equation (4.1).
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The c«.;mparisons that follow are between a coded system and an uncoded
system. Of course, both systems have the same energy, SNR, and diversity L. We
want to verify how much improvement we may obtain by using a code over the
existent system that contains diversity only.

We evaluate two types of convolutional code: rate 1/2, v = 2, and rate 2/3,
v=2.

As we have seen before, the minimum values for P, occur for diversity value
between 5 and 20. Choosing the rate 1/2, v = 2, convolutional code, we obtzin
ds = 5[7). We use L = 2. Therefore, observing equation (4.2) we verify a reduction
to 1/4 of the original Doppler frequency in this case.

Figure 17 presents the results for zero Doppler. This resulv agrees with the
one presented in [7].

Figure 18 presents the deiaills mentioned above in a Rayleigh fading chan-
nel (r = 0). At low SNR we see a possible loss. Since the code rate is 1/2 we
have expanded the system bandwidth two times over the bandwidth of the uncoded
system.

Figure 19 shows that for a Ricean fading channel (r = 10) the bound on the
gain is very much reduced in comparison with the one obtained in the Rayleigh case.
There is still a chance of loss at fTow SNR. Figures 19 and 21 show that an increase
in diversity size improves the performance of the uncoded system more than the one
of the coded system in a Ricean fading channel with 7 = 10 (which is getting close
to a practical AWGN channel). For Rayleigh fading, the improvement is about the
same as for Ricean fading.

Figure 22 provides a numerical check with the literature [1, 7] for the rate
2/3, v == 2, convolutional code. The same type of performance improvement using

diversity is also observed in this code (Figures 23 to 26).
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We analyze two other convolutional codes that are more suitable for practical
use (due to the fact that they have larger value for dy): rate 1/2, v = 6 with d; = 10
and rate 2/3, v = 6 with dy = 6.

We consider a Rayleigh fading (r = 0) and Ricean fading channels for some
values of L. The results are presented in Figures 27 to 42.

The gains we obtain here are much greater than the ones obtained before.
We point out that such selected codes have greater free distance than the previous
ones.

The coding gains are greater in a Rayleigh fading channel than in a Ricean
fading channel, confirming what we have seen in the other codes. P, can be reduced
by increasing the system diversity L and the direct-to-diffuse ratio r, but the relative
gain is reduced as r increases, i.c., as the channel tends to an AWGN channel.

'I'he rate 1/2 codes presented here perform better than the rate 2/3 codes,
although the gain per bandwidth expansion ratio in the rate 2/3 code is greater
than the rate 1/2 code.

Finally, we notice that there are crossovers among the various uncoded and

coded schemes. This is illustrated in Figures 15 through 41.
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VI. CONCLUSION

A closed form expression for the probability of bit error was independently
derived for 2-FSK, square law detector, conditioned on Doppler in a Riccan fading
channel. We have shown how to obtain the Rayleigh fading channel and AWGN
cases (with Doppler) from that expression. The equations agree with the ones
presented in the literature for the zero Doppler cases.

The equation can also be used in a Jensen’s inequality [9] to obtain a lower
bound if the Doppler frequency is assumed to be a random variable. In this situation,
it may also be used to estimate P, by some statistical simujation method.

The probability density function that was developed can be used to get an
expression for a P, in a M-FSK scheme, We can directly apply the equation for P,
for the binary case in a bound for the M-ary case [1].

In addition. we have demonstrated the use of convolutional codes to address
both fading and Doppler effects. We have verified that a bandwidth expansion, due
to coding rate, is the price that we pay for obtaining the SNR gains.

Finally, we suggest the use of non-linear schernes, similar to Trellis Coded
Modulation, to keep the SNR gdin and provide a savings in terms of bandwidth
expansion.

In addition, it seems a natural extension of the present research is to study

the application of a dual-k convolutional code [1, 7] coupled with a noncoherent

detection M-FSK scheme.
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APPENDIX A

EVALUATION OF THE INNER INTEGRAL OF
EQUATION 2.6

Evaluation of the inner integral of Equation (2.6):

o L) 1
L-1_- 0?
_/y Mmy)dy = w0 mm% temuldy,

0

(EL)L—I (_y_]>L—l
= (P22 ety o [T A202) et (G
/yo 202 (L —1)I° u /y (L= ¢ 207 (A1)
Changing variables in (A.1):
2 .
=53 (A.2)
2o = .2.3{:_2 (A.3)
1 dy
dx = é;z_dyl = (??;;") (A1)
oo gh-1 P A q°
_—._-—.g—rd;l; = —
/m (L —1)! -1 (kz_o k')Lo
:
—z (L-1 _k —z0 /L-1 .k L-1 _k
i [C R [ (EB)] - EE
To—oo | —] ,;, k! -1 ,;k!, = k!
Substituting (A.3) in (A.5):
L 1(3/_0)"
o] 2 hd 2
[ty = it 57 2200 (A.6)
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APPENDIX B

BESSEL FUNCTION PROPERTIES

/oo e ers (Zﬁﬁ) dz

Jo

2
= m!ﬂ“e—ﬁz/"y"m—""lllfn (%—) (m+v>-1]
where

SACED Y Cd (A k-

n!
n=C n.

I(z) =" (jz)
B=jo

J, (28V) = J, (j20/z) = ]—f—l (200v/2)

Substituting (B.6) in (B.1)

/ Ty, (j2ay/3) do = / omtlie 0], (2ay3) da
0

0

o 2
< [, paE) de et (22)

Thus:

2

o0 . . i . __a
/ amtelter (201\/5) dr = m!a"e“z/”'y_l_”_lL',’n ( )
0

y

(1.5)

(B.6)

(B.7)

(13.8)




where

m 2\ " m y
g () o5 (1)

D (U Eery (B.9)
Substituting (B.9) in (B.8)
.02),1
/Ooo gmte2eE (QQ\G) dz = mlare” /ry=m-v-1 g% ( :j:; ) (_ty;}_ (B.10)




APPENDIX C
DEVELOPMENT OF F, EQUATION

Substituting Equation (A.4) and Equation (A.6) of Appendix A in Equation (2.6)
of Chapter 2:

o L-1 ke (L-2)/2 e
_ —y0/202 1 Yo 1 Yo - v)/20? Yo
=) e g () {202 () et (7)}‘%

k=0
(C.1)

Let

z= da::—l—dyo.
o

o RN g \ER . i
— -z = - —(ztv/20°) ¢ /_ )
P A ¢ xz:% ie (1_),/202> ¢ I (2. 252", d ==
oo L-1 1 (L-1)/2 —
:/(; e * —zF (£> e'(”’)IL_l (2\/5:1,) dz

z

a:((l‘_l)/”k)e_z”IL_l (%/zx) az . (C.2)

v = L-1,
n = k,
7T =2,




— L-1
e * 1
— el 1, (L-1)/2 2/26-k~L
Py = SL-1)/2 :L:% A {k.z e*/29 }

o (1 or

m! 2

2L k=9 Qk m=0 k—m m!

-z/2 L~1 k _ m
P, = Z1 (k+L 1)(z/2)

(C.3)

(C.4)

(C.5)

Equations (C.4) and (C.5) agree with the results presented in [2] and [7].
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APPENDIX D

AVERAGE BIT ERROR PROBABILITY FOR A
NON-COHERENT %E%&KN%\TNEﬁ RICEAN FADING

P, = /_o:o Pi(z,8)fz(z)dz = -/0"" Po(z,8)fz(z)d= (D.1)

(L-1)/2
(£)"" o
/30'19

2
A = k+u—1 5
WA = /u 2L Ezkz )

m+L—-1

e ()

ﬁ‘fk

__1_L“112’k+L—1\ 1
Lk=62kn=0(m+l’—l

ml(2B0%)(Bp)L-1/22m

/ zm+(L-—l)/2e-(Bai+1)z/2ﬁtr§e—ﬁp/wai11_1 (Vz ) dz
0

ﬁO'k
1511 & ~1 e Pl
=7 d:? (.’i*.li ) ey X F ) (D.2)
7 :U" n=0 \ tie 77 0 — 1 / HL 0' p[))\ Z

Fz) = /wZm+(L—1)/26—(1/2+1/2ﬁai)z1L_1 (V Ef . \/;) dz (D3)
0 Bai /

Using Equation (B.8) of Appendix B and makiug the following change of
vatiables:




(3]
HE
a—qw"ﬁ

we get:

L-1 ~m—(L-1}-1
Flz) = m [ Y227 oprasttiesan | 1 S+ 1 e
Q,BO'k Qﬁak

Further applying (B.10) of Appendix B to (D.4):

Fé

=™ 280 (wam i 267

1=0

Substituting (D.5) in (D.2):

k+k-1

-m=-L 5

v
m

m—z

(_

___P__)
201 + Ba}]
(D.A4)

)z 5

(D.5)

(BR)I) sty

] L1 & —p/2%w
Buf) =51 ,?_40 ?E ( m+ L -1 ) ml(2B07) (Bp) L 1/22m

p

T (2BoD) T

x[_l__ 1 ]_m—Lz’":<m+u)(§a;f[l+ﬂUZ]

!

1=0

) (DD.6)

Py(B) = 1 e~ (p/202)(141/[140o3]] L=1 f ( k+L-1 ) P
(2‘80 ) k=0 2k m:,lO 3 ™+ L-1 : _2
1 &/ m+L-1)\1 P ‘
X2m§< m—i )i!(202{1+ﬁ621)
1 2 R N Y A (2B02)+L
— _— o—(p/20)1+ (1480 2 21—-m-L k
._2Le p/evy &) ]k=02k7§0(m+l/—1 [l-l—-ﬁUk] ————

2m(2Pak )k




1 e-(F/200)1+(1+803) "]

b 11 & k+L-1 Ba: 1™
T oL (1 + Ba}]- E“’:g(m+L—-l)[l+Ba,§}

P )‘
xio( m;f;'1 ) (202[125%] (D.7)
Note:
(m+L—1)_ m+L-1)! _ (m+L-1!  (m+l—1
m—i ) (m-)lG+L-D! (G+L-D(m—a) \ i+L-1
(D.8)

Substituting (D.8) in (D.7):

| o~ G/eDH4se) T Ll | ( k+L-1 ) [ poi 1"

BO =7 2B L\ m+L-1) |Tia0)
( ] )i
™ m+L—1 2021 + Bo}]
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APPENDIX E

DOPPLER EFFECT COEFFICIENT

Doppler effect coefficient:!

i A, kT ,
= _\/._’;. - eTvdtdt (E.1)
L ) 1 L ) kT ] 2
V=S X =-%4 / eivat E.2
}§| | 2}; | Jienyr (E.2)
LA g cIwakT _ giwa(k-1)T ;
wy t = (— y T
/(.k_l)Te (—7) o (for wy # 0)
jwgT
= (—j)erate-nT [ﬂ_‘_l] (E.3)
i Uy
/kT it g, 2 el -1 2 _ eweT _ 112
(k—1)T - Wy - wdT
_ pz|cos wyT + j sinwyT — 1 _ 72 (coswgT — 1) + 7 sin wyT :
- wyT - weT
= 7? cos? wyT + sin? wyT + 1 — 2cos wyT _ 7 2 —2cos wd_T_
(waT)? (wgT)?
' /] T T 2
2 sin? YL | 2sin? ik sin? (L"‘ ) sin (——“’“
o?| 2 |y 2 |2l N2 /| _po 2/
(wqT')? (wyT)? wyT\? (’wdT
(%) 5
(E.4)

1Note that here wy = 27 f4.




When wg = 0:

2

= T2

kT
/ edt
(k-1)T
Taking the limit of (E.4) when wgy — 0:

sin (—-wdT) :

) 2 2
T

2

Thus the expression (E.4) is valid also for wy = 0.

lim 72
w—0

Substituting (E.4) in (E.2):

T'Z Sin (M>
P

1 (%)

2

70
2
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Figure 3: Probability of bii error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r = 0; as a function of the system
diversity.
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Figure 4:

Probability of bit error conditioned on the Doppler effect

coefficient (f;T = 0) in a Rayleigh fading channel (r = 0) as a function of
the system diversity.
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Figure 5: Probability of bit error conditioned on the Doppler effect
coefficient (f;7 = 0.5) in a Rayleigh fading channel (r = 0) as a function
of the system diversity.
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Figure 7: Probability of bit error conditioned on the Doppler effect

coefficient (f;7 = 0.5) in a Ricean fading channel (r = 1) as a function of
the system diversity.
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Figure 9: Probability of bit error conditioned on the Doppler effect

coefficient (fyT = 0.5) in a Ricean fading channel (r = 5) as a function of
the system diversity.
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Figure 10: Probability of bit error conditioned on the Doppler effect

coefficient (fy7 = 0) in a Ricean fading channel (r = 10) as a function of
the systern diversity.
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Figure 13: Probability of bit error conditioned on the Doppler effect
coeflicient in a Ricean fading channel (r = 5) as a function of the system
diversity.
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Figure 15: Probability of bit error conditioned on the Doppler effect
coefficient in an almost AWGN channel (r = 10,000) and no Doppler
effect for a rate 1/2, v = 2 convolutional code and system diversity L = 1.
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Figure 16: Probability of bit error conditioned on the Doppler effect
coefficient in an almost AWGN channel (r = 10,000) and no Doppler
effect for a rate 1/2, v = 2 convolutional code and system diversity L = 2.
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Figure 17: Probability of bit error conditioned on the Doppler effect
coetficient in a Rayleigh fading channel (r = 0) and no Doppler effect for
arate 1/2, v = 2 convolutional code and system diversity L = 2.
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Figure 18: Probability of bit error conditioned on the Doppler effect
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Figure 19: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 1/2, v =2 convolutional
code and system diversity L = 2.
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Figure 20: Probability of bit error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r = 0) and maximum Doppler
effect, i.e., minimal Doppler effect coefficient for a rate 1/2, v = 2 convo-
lutional code and system diversity I = 3.
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Figure 21: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 1/2, v = 2 convolutional
code and system diversity L = 3.
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Figure 22: Probability of bit error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r =0) and no Doppler effect for
a rate 2/3, v = 2 convolutional code and system diversity L = 2.
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Figure 23: Probability of bit errcv conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r = 8) and maximun Doppler
effect, i.e., minimal Doppler effect coefficient for a rate %2/3, v = 2 convo-
lutiecnal code and system diversity L = 2.

64




(o]
[ T I I T 1 T T T i o
Q
o~
i “
@ 1
Q
~ K
1l L o~ gl E
s~ i
] l5) i — I
@ > O —
Jo
B &
m
—_ ' h~]
el
g g
= o
- 4
% w)
R
8 -
=
pas )
,/
=
[
=4
'm /
9 -
o
o ~
///
///
/'/
-~
’/
- //'
-
~
- . . - B
/'/ :
L
<// N
>
! i o 1 1 I | 1 .
e = o © 1 “ © o @ o =
(] o o (=] =] <o (o] Ll <o [wo] o
— il — — o~ - L] — — - —

qd oug ng jo Amgeqold

Figure 24: Probability of bit error conditioned on the Dogpler effect co-
efficient in a Ricean fading channel {r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v = 2 convolutional
code and system diversity L = 2.
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Figure 25: Probability of bit error conditioned on the Deppler effect
coefficient in a Rayleigh fading channel (r = 0) and maximum Doppler
effect, i.e., minimal Doppler effect coefficient for a rate 2/2, v = 2 convo-
lutional code and system diversity L = 3.
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Figure 26: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (» = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v =2 convolutional
code and system diversity L = 3.
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Figure 27: Probability of bit error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r = 0) and maximum Doppler
effect, i.e., minimal Doppler effect coefficient for a rate 1/2, v =6 convo-

lutional code and system diversity L = 2.
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Figure 28: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 1) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 1/2, v = 6 convolutional
code and system diversity L = 2.
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Figure 29: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 1/2, v = 6 convolutional
code and system diversity L = 2.

70




40

T 1 T ] L L T L 1
- 14
AN
.
- ! 1%
L]
3]
o K =
g e o
.| o] 1l - 1l
o Q > ~
v
r T
m
— ' ol
gn k=
- Z
% [7p]
- 2 1
(&3
=
a
v
—
F
<
m Y|
w
b5
- 1
(8]
//
/k//
L / -
//_’
/”/
//
| 1 i I ) ! i i | s
o - o @ ¥ “ 9 o @ o =
S [w] (=] (o) (o] ] [ <o (em] o <
-t - -t A Lol -t ™ i -~ ol
qd :Jouq ud Jo Anqeqoid
Figure 30: Probability of bit error conditioned on the Doppler effect

coefficient
effect, i.e.,

in a Rayleigh fading channel (r = 0) and maximum Doppler
minimal Doppler effect coefficient for a rate 1/2, v = 6 convo-

lutional code and system diversity L = 3.
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Figure 31:  Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 1) and maximum Doppler effect,
i.e., minimal Dopgler effect coerficient for a rate 1/2, v = 6 convolut(onal
codr ad system diversity L = 3.
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Figure 32: Prob:ability of bit etrror <onditioned on the Doppler effect co-
eflicient in a Ricean fading channel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coeflicient for a rate 1/2, v = 6 convolutional
code and system diversity L = 3.
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Figure 34: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient. for a rate 1/2, v = 6 convolutional
code and system diversity L = 4.
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Figure 35: Probability of bit error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r = 0) and maximum Doppler
effect, i.e., minimai Doppler effect coefficient for a rate 2/3, v = 6 convo-
lutional code and system diversity I = 2,
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Figure 36: Probability of bit error conditioned on the Doppler effect co-

eflicient in a Ricean fading channel (r = 1) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convolutional
code and system diversity [ = 2.
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Figure 37: Probability of bit error conditioned on the Doppler effect co-
cfficient in a Ricean fading chiannel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convolutienal
code and system diversity L = 2.
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Figure 38: Probability of bit error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (» = 0) and maxirnum Doppler
effect, i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convo-
lutior.al code and system diversity L = 3.
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Figure 39: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 1) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convolutional
code and system diversity L = 3.
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Figure 40: Probability of pit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel {(r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convolutional
code and system diversity L = 3.
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Figure 41: Probability of bit error conditioned on the Doppler effect
coefficient in a Rayleigh fading channel (r = 0) and maximum Doppler
effect, i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convo-
lutional code and system diversity L = 4.
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Figure 42: Probability of bit error conditioned on the Doppler effect co-
efficient in a Ricean fading channel (r = 10) and maximum Doppler effect,
i.e., minimal Doppler effect coefficient for a rate 2/3, v = 6 convolutional
code and system diversity L = 4.
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